Abstract Lithium (Li) continues to be a standard small compound used for the treatment of neurological disorders. Besides neuronal cells, Li is also known to affect immune cell function. In spite of its clinical use, potential mechanisms by which Li modulates immune cells, especially macrophages and its clinical relevance in bipolar patients are not well understood. Here, we provide an overview of the literature with regard to Li's effects on monocytes and macrophages. We have also included some of our results showing that Li differentially modulates chemokine gene expression in the absence and presence of Toll-like receptor-4 stimulation in a human macrophage model. Given that Li has a wide range of intracellular targets both in macrophages as well as in other cell types, more studies are needed to further understand the mechanistic basis of Li's effect in neurological and other inflammatory diseases. These studies could undoubtedly identify new therapeutic targets for treating such diseases.
Introduction
Macrophages play pivotal role in regulating acute and chronic inflammatory processes in the human body through secretion of various cytokines, chemokines and growth factors (Murray and Wynn 2011; Sica and Mantovani 2012) . Toll-like receptors (TLRs) present on macrophages and other cells are major sensors of foreign microbial components and tissue breakdown products (Moresco et al. 2011) . Upon sensing these molecules, TLRs initiate a series of downstream signaling events that drive cellular responses including the production of cytokines, chemokines, and other inflammatory mediators. Central to the macrophage function is the expression of chemokines that aid in chemo-attracting immune cells to the site of injury. Production of these chemokines in general is crucial for effective induction and resolution of disease processes. Because of this function, chemokines have received a great deal of attention in neurological disorders since it is now widely accepted that inflammation is an underpinning factor in the pathogenesis of many neurological diseases including bipolar disorders (Leonard 2007; Dantzer et al. 2008) . Immune cells and the neuronal system integrate their signals with each other for homeostasis. Therefore, it is not surprising that many drugs that modulate the neuronal system have also been shown to regulate immune function. One such compound is Lithium (Li) that is currently used in clinical practice for treatment of bipolar disorders in humans.
Li is a monovalent cation used clinically as a mood stabilizer and for treatment of bipolar disorders (Chiu and Chuang 2010) . Although earlier studies suggested that GSK3β is one of the targets for Li, more recent studies have suggested a range of functions for Li including regulation of receptor signaling to modulation of ion channels. In addition to its mood stabilizing effects, Li has long been known to cause leukocytosis (Shopsin et al. 1971; Tisman et al. 1973; Watanabe et al. 1974; Balon and Berchou 1986; Gualtieri et al. 1986 ). In addition to these hematopoietic effects, studies have also examined the role of Li in modulating inflammation in different immune cell models (Shenkman et al. 1978 (Shenkman et al. , 1980 Kleinerman et al. 1989; Beyaert et al. 1991 Beyaert et al. , 1992 Kucharz et al. 1993; Maes et al. 1999; Merendino et al. 2000a; Chiu and Chuang 2010; Nahman et al. 2012) . In this manuscript we provide a brief account of the immunomodulatory role of Li in immune cells, especially macrophages in the context of inflammatory diseases. We hope that this perspective will provide a fresh outlook of this old drug that has been used in clinical practice for more than 5 decades in the treatment of manic episodes.
Modulation of cytokines and chemokines by lithium
Several studies have examined the role of Li on inflammatory cytokine production by macrophages and other immune cells. In the late 1970s, Shenkman et al (Shenkman et al. 1978 (Shenkman et al. , 1980 showed that human lymphocytes and macrophages respond to Li in vitro and that Li enhances several indices of cellular immunity at therapeutic concentrations. They showed that Li is capable of inducing lymphocyte proliferation (in response to mitogens) as well as rosette formation and increase macrophage phagocytosis. Klienerman et al (Kleinerman et al. 1989) later showed that human monocytes (from normal donors) are capable of producing TNFα but not IL-1 in response to Li treatment. They showed that these effects of Li are related to Li's effect on TNFα transcription. In another study using mouse macrophages, we recently demonstrated that macrophages indeed are capable of producing TNFα in response to Li treatment (Hull et al. 2013) . We further showed that this response to Li is significantly enhanced in the presence of TLR2 and TLR3 ligands. Effect of Li on monocyte/ macrophage TNFα production was proposed by Kleinerman et al (Kleinerman et al. 1989 ) to be related to elevated white blood cell counts observed in patients on Li therapy (Murphy et al. 1971 ). Interestingly in a study comparing monocyte response between breast cancer patients and healthy donors, Li was shown to stimulate less TNFα from breast cancer patients compared to healthy donors and this effect was specific for TNFα and not IL-6 (Arena et al. 1997) . In addition to these cytokines, Li has been shown to also induce IL-2 production from T-lymphocytes (Kucharz et al. 1993) as well as able to induce several pro-inflammatory and anti-inflammatory cytokines from whole blood treatments (Maes et al. 1999) . In another study (Merendino et al. 2000b ) IL-15 production was analyzed from monocyte cultures obtained from breast cancer patients and healthy donors. LiCl treatment in the absence and presence of LPS significantly induced IL-15 production by monocytes mainly from non-metastatic breast cancer patient group. This effect of Li on IL-15 (a hematopoiesis promoting and antitumor cytokine) was proposed as a means to counteract the immunosuppression state of cancer patients.
In contrast to these "inducing" effects on cytokines, LiCl pretreatment of primary glial cells, inhibits LPS-induced secretion of TNF-α, IL1-β, PGE2 and NO (Nahman et al. 2012) . Similar effect was also observed in primary bone marrow derived macrophages (Zhang et al. 2009 ). More recently, LiCl treatment was shown to attenuate LPS-, polyinosinic-polycytidylic acid-, and Sendai virus-induced IFN-beta production and IFN regulatory factor 3 activation in macrophages and these effects were shown to be independent of GSK3β inhibition. Importantly, in this study the in vitro effects were further confirmed in vivo in a mouse model .
Even though several studies have examined the effects of Li on major cytokines such as TNFα and IL-6 in macrophages, very little is known in terms Li's effects on the regulation of chemokine gene expression in human macrophages. Given the important role of chemokines in mediating immune cell chemotaxis as well as the role of TLRs in regulating immune cell activation, we recently performed some studies using a human macrophage model to understand the role of Li on chemokine gene expression in the presence and absence of TLR activation. In particular we chose to examine the cross talk between Li and TLR4. Toll-like receptor-4 is activated by microbial components (lipopolysaccharide from gram negative bacteria) as well as by some cell breakdown products (heat shock proteins, HMGB1 etc) and is well known for its role in many inflammatory disorders (Moresco et al. 2011 ). We first examined the effects of Li chloride (LiCl) on the expression levels of different chemokines in THP1 differentiated human macrophages in the absence and presence of lipopolysaccharide (LPS), a TLR4 agonist. Interestingly, LiCl treatment by itself significantly induced Ccl2 mRNA expression ( Fig. 1 ) but did not affect either Ccl1 or Ccl5 (data not shown). Using a more selective GSK3β inhibitor (SB216763) we ruled out the role of GSK3β on LiCl-induced Ccl2 expression (data not shown). Although LPS induced expression of all the chemokines tested ( Fig. 1 and data not shown), LiCl pretreatment caused a marked decrease in LPS-induced Ccl2 expression. This effect was selective for Ccl2 since LiCl pretreatment did not affect the other chemokines (data not shown). We then assessed CCL2 levels in the culture supernatants. Both LiCl and LPS were able to independently induce CCL2 production as measured in the culture supernatants ( Fig. 1) . Even though LPS induced CCL2 production (measured in the culture supernatant), LPS treatment of LiCl pre-treated cells did not cause any further increase. However, there was no decrease in CCL2 levels (similar to mRNA expression) likely because LiCl pretreatment itself induced maximal secretion into the culture supernatants prior to LPS treatment and further LPS treatment likely was not able to decrease this level in the culture supernatant. Note that the secreted CCL2 in the cell culture supernatant is also likely quite stable (Leemasawatdigul and GappaFahlenkamp 2011) with in the time points that we examined. Taken together, our results demonstrate differential effects of LiCl on Ccl2 expression in the absence and presence of LPS and further suggest that these observations are likely independent of its effects on GSK3β. A similar scenario was noted recently in a study investigating the effect of LiCl on differentiation and maturation of monocyte-derived dendritic cells (Liu et al. 2011) . The authors showed that although LiCl substantially enhanced the expression of CD86 expression and secretion of a number of proinflammatory cytokines during differentiation, LiCl suppressed these functions during LPSinduced maturation of dendritic cells. These authors proposed that the actions of LiCl during differentiation and maturation are quite different. Together, these and other results suggest that LiCl can either induce or inhibit inflammatory cytokine and chemokine production but the effect however, is quite context dependent. An effect similar to that of ours was also shown for LPS-induced IL-8 from human monocytes (Merendino et al. 2000a) . Given the plasticity and heterogeneity of macrophages (Sica and Mantovani 2012) , one could envision that the different types of macrophages could potentially respond differently to LiCl. Although many of these studies described above have utilized concentrations that are therapeutically acceptable (based on plasma Li concentration), more studies are needed to systematically determine whether Li plays an anti-inflammatory or pro-inflammatory role in the different macrophage subtypes and whether these effects on inflammatory cytokines are differentially regulated in the presence of other stimuli such as TLR activators.
Intracellular targets of lithium in macrophages and other immune cells
As elegantly described in other review articles (Chiu and Chuang 2010) , Li has a number of effects in addition to its effect on GSK3β activity. Not all of the Li targets have been characterized in macrophages or in other immune cells. Li's effect on GSK3β was found to be crucial in the activation of STAT3 in primary astrocytes as well as macrophages and primary mouse glial cells (Beurel and Jope 2008) . These authors showed using other complementary approaches that GSK3β is important in STAT3 activation. Other studies have shown that the effect of selective GSK3β inhibitors and LiCl are not consistent with GSK3β inhibition with certain effects of LiCl (Zhang et al. 2009; Hull et al. 2013 ). For example, we showed that while LiCl activates TNFα production, inhibition of GSK3β with SB216763 did not elicit the same response. Although we did not identify the molecular target, another group showed that in macrophages NFκB1p105 is one of the targets (Zhang et al. 2009 ). LiCl has also been used as an adenylate cyclase inhibitor in immune cells and its effects on this enzyme was proposed earlier as an immune adjuvant especially in immune deficiency conditions of excessive cAMP levels (Shenkman et al. 1980) .
Studies have also shown that Li can inhibit inositol monophosphatase (IMPase) thereby decreasing free inositol and IP3 levels in the cells. Because of its role in macrophage apoptosis (Zhang et al. 2009 ), De Meyer et al (De Meyer et al. 2011 ) examined the role of LiCl in inhibiting IMPase activity and consequently its effect on macrophage apoptosis. LiCl at therapeutic concentration was able to inhibit IMPase activity in macrophages and therefore induce apoptosis of these cells without affecting vascular smooth muscle cells or endothelial cells. This effect of Li was proposed to be important in preventing atherosclerotic plaque destabilization. More recently, Wang et al have also shown that Li can suppress TANK-binding kinase 1 kinase activity in vitro suggesting another target of LiCl in macrophages .
To understand the mechanism by which LiCl enhanced Ccl2 expression in human macrophages, we examined the effect of LiCl on NFκB/AP-1 reporter activity (Secreted Embryonic Alkaline Phosphatase, SEAP activity) in human macrophages. Interestingly, LiCl by itself induced significant activation of SEAP activity (Fig. 2a) . Similar to LiCl, LPS treatment in the absence of LiCl also induced a concentration Fig. 1 Effect of Li chloride (LiCl) on Ccl2 expression and production in the absence (basal) or presence of lipopolysaccharide (LPS) in human macrophages: THP-1X-blue monocytes (Anur et al. 2012; Tang et al. 2012; Waisberg et al. 2012) were differentiated into macrophages by incubating with 50 ng/ml of phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich) as described before (Vuletic et al. 2011) . Cells were washed with PBS and allowed to rest 24 h prior to stimulation. Differentiated macrophages were pretreated with NaCl (30 mM), or LiCl (30 mM) for 12 h followed by either no treatment or treatment with lipopolysaccharide (2 ng/ml) for another 9 h (for RNA) or 18 h (for ELISA). After treatment, RNA was extracted and mRNA levels determined using quantitative real-time RT-PCR as described before (Packiriswamy et al. 2013; Sharma et al. 2013 ). Supernatants were analyzed for CCL2 levels using ELISA from eBiosciences Inc. as described before Lee et al. 2013 ). *p <0.05; **p <0.01. N =3-10 dependent increase in SEAP activity. This effect however was further enhanced in the presence of LiCl and was concentration dependent (Fig. 2a) . These results suggest that the negative effect of LiCl that we observed on LPS-induced Ccl2 expression (Fig. 1) is likely not mediated via NFκB/AP-1 activity since LiCl enhanced LPS-induced SEAP activity. Fig. 2 Effect of Li chloride (LiCl) on NFκB and MAPK signaling in the absence and presence of lipopolysaccharide (LPS) in human macrophages: THP-1X-blue macrophages were pretreated with indicated concentrations of NaCl, or LiCl for 12 hrs and 24 hrs. For dose response with LPS, cells were pretreated with NaCl (30 mM), or LiCl (30 mM), for 12 h followed by different concentrations of LPS as indicated for another 24 h. For dose response with LiCl, cells were pretreated with NaCl, or LiCl with the indicated concentrations for 12 h followed by LPS treatment (2 ng/ml) for another 24 h. Secretion of SEAP (secreted alkaline phosphatase) was measured using plate reader assay as described before (Anur et al. 2012; Tang et al. 2012; Waisberg et al. 2012 ). *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. N =3. (b). Western blots were performed as described before (Patial et al. 2011b, a; Hull et al. 2013) . For this, THP-1X-blue macrophages were pretreated with NaCl (30 mM) or LiCl (30 mM) for 12 h followed by LPS (2 ng/ml) for the indicated time points. Cell lysates were then subjected to Western blot analysis for the indicated proteins. Blots were scanned and quantified using Licor Odyssey. pERK1/2, pNFκB, and pP38 were normalized for loading using ERK2 or tubulin. Representative blots are shown in the left middle column. N =3. **p <0.01; ***p <0.001; ****p <0.0001
To further examine the mechanisms of LiCl's effect, we determined the phosphorylation status of the MAPK and NFκB pathways. Consistent with the SEAP activity, LiCl pretreatment significantly enhanced LPS-induced NFκBp65 phosphorylation (Fig. 2b) . Since LPS-induced p38 and JNK activation were not affected by LiCl pretreatment (Fig. 2b and data not shown), the enhanced SEAP activity was likely due to enhanced NFκB activation. Compared to these effects, LiCl significantly enhanced ERK1/2 phosphorylation in the absence of LPS (Fig. 2b) . However, pretreatment with LiCl markedly inhibited LPS-induced ERK1/2 phosphorylation (Fig. 2b) . Because the effect of LiCl on the ERK pathway appeared to be similar to that of Ccl2 expression, we reasoned that LiCl might affect Ccl2 expression via regulation of the ERK pathway. We first confirmed that LPS-and LiCl-induced Ccl2 expression is ERK-dependent. Pretreating the cells with U01206, a selective ERK inhibitor blocked Ccl2 expression induced by LPS and LiCl (Fig. 3a) . Using actinomycin-D our results further showed that LPS-and LiCl-induced Ccl2 expression is transcriptionally regulated (data not shown).
To further determine the mechanism by which pERK is negatively regulated by LiCl in the presence of LPS, we examined the phosphorylation of status of MEK1/2 (immediate upstream activator of ERK1/2). Interestingly, LiCl pretreatment enhanced LPS-induced MEK1/2 phosphorylation unlike ERK (data not shown) suggesting that Li's effect on LPS-induced ERK likely occurs below MEK1/2 and potentially via a protein that could directly affect ERK. Therefore, we hypothesized that LiCl may activate a MAPK phosphatase in the presence of LPS which then could dephosphorylate ERK1/2. MAP kinase phosphatases in general are divided into dual specific, tyrosine-specific or serine/threoninespecific phosphatases depending on which residues on ERK they dephosphorylate (Roskoski 2012) . Among these Fig. 3 Effect of MAPK and phosphatase inhibitors on Li's effect on LPSinduced Ccl2 mRNA expression in human macrophages: (a). Cells were treated with vehicle or U01206 (10 μM) for 30 min followed by LPS (2 ng/ml) or LiCl (30 mM) for 12 h. RNA was extracted and Ccl2 mRNA expression determined by real time Q-RT-PCR. (b). THP-1X-blue macrophages were pretreated with vehicle, okadaic acid (OA, 100 nM) or sodium orthovanadate (Na3VO4) for 30 min followed by treatment with NaCl (30 mM), or LiCl (30 mM) for 12 h. These treatments were followed without or with LPS (2 ng/ml) for 30/60 min (for pERK) or 12 h (for Ccl2 mRNA expression). PhosphoERK levels and Ccl2 mRNA expression were determined as described in Figs. 1 and 2 . N =3. *p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001 phosphatases, previous studies have shown that okadaic acidand vanadate-sensitive phosphatases are potential targets of LiCl (Zhen et al. 2002; Tsuji et al. 2003) . To test whether these phosphatases could play a role in our system, we pretreated the cells with okadaic acid and sodium orthovanadate followed by treatments with LiCl and LPS. As expected LiCl pretreatment significantly inhibited LPS-induced ERK phosphorylation (Fig. 3b) . Interestingly, pretreatment with okadaic acid and sodium orthovanadate reversed LiCl's effect on LPSinduced ERK phosphorylation (Fig 3b) . To confirm that the effect of LiCl on the okadaic acid-and vanadate-sensitive phosphatases is indeed the reason for its effects on Ccl2 expression, we pretreated cells with okadaic acid or vanadate prior to treatment with LiCl+LPS and examined Ccl2 mRNA expression. Consistent with the effects on ERK phosphorylation, our results show that pretreatment of okadaic acid or sodium orthovanadate reversed LiCl's negative effect on LPSinduced Ccl2 expression (Fig. 3b) . Together, our results demonstrate that LiCl by itself enhances Ccl2 expression via activation of the ERK pathway whereas in the presence of LPS signaling, LiCl induces phosphatases that decrease ERK phosphorylation and consequently decrease Ccl2 expression. Although the identity of this phosphatase is unknown, our results suggest that the phosphatase(s) (that target MAPK) could be additional targets of Li in macrophages. Because CCL2 has been shown to be important in many physiological processes including regulation of immune cell infiltration in the CNS (Savarin-Vuaillat and Ransohoff 2007; Conductier et al. 2010; Lehto et al. 2010 ) understanding the mechanisms of how CCL2 production is regulated, especially by therapeutic compounds such as Li is important. A recent study by Liu et al showed that LiCl-mediated effects on dendritic cells involve PI3K/AKT, MEK/ERK, GSK-3β and PPARγ pathways and that these specific signaling pathways appear to be important for regulation of distinct features of dendritic cell differentiation and maturation (Liu et al. 2011) . Given the multiple biological roles of macrophages, it would be of interest to mechanistically understand which selective signaling pathway modulated by LiCl targets which cellular functions of macrophages. This could lead to further identification of drug targets to selectively modulate these cellular functions of macrophages in inflammatory diseases.
Effects of Li in inflammatory disease models
Even though Li has multiple effects, its role in inhibition of GSK3β has been used to test whether it would serve as a good therapeutic target. De Sarno et al showed that Li is effective in both preventing and suppressing experimental autoimmune encephalomyelitis (De Sarno et al. 2008) . In addition to neurological diseases, Li has also been used in animal models that are typically considered to be inflammatory disorders. In this regard, Wang et al showed that LiCl treatment of endotoxemic mice decreases acute renal failure as well as mortality. They further showed that in that model, LiCl is able to inhibit LPSinduced TNFα as well as CCL5/RANTES in vivo (Wang et al. 2009 ). Based on some in vitro studies, LiCl has also been proposed to be protective in arthritis (Hui et al. 2010) . LiCl was shown to significantly decrease pro-inflammatory cytokine-induced collagen release from bovine cartilage independent of GSK3β. Studies have also shown that LiCl treatment of NZB/W mice leads to reduced immune mediated damage in renal failure and therefore possibly extending the life span of the animal (Hart et al. 1994) . As described before, LiCl has also been proposed to be beneficial in atherosclerosis and has been used in rabbit model to reduce macrophage load in atherosclerotic plaques (De Meyer et al. 2011) . A similar effect was found in a mouse model of atherosclerosis using high fat diet in ApoE knockout mice (Choi et al. 2010 ). Recent studies have also shown that LiCl decreases the severity of corneal disease (induced by Pseudomonas aeruginosa) by reducing inflammatory response and bacterial load. In this context, LiCl can differentially regulate anti-inflammatory and pro-inflammatory cytokines and promote macrophage and neutrophil apoptosis. These studies suggest a protective role for LiCl in Pseudomonas aeruginosa-induced keratitis (Chen et al. 2013) . In contrast to these protective effects, Li has been linked to psoriasis in patients on Li therapy. In an in vivo study using mouse model, Beyaert et al (Beyaert et al. 1992 ) demonstrated that Li in combination with TNFα is able to induce IL-6. Since TNFα and IL-6 have been linked to triggering or aggravation of psoriasis in patients that are under Li treatment, they proposed that Li's effect on IL-6 production in the presence of TNFα might be important in the context of psoriasis. Together, these in vivo studies suggest that we are only scratching the surface in understanding the potential usefulness or effects of Li in inflammatory diseases. More studies are needed to extensively understand Li's therapeutic effect in these various diseases and to relate the effects of Li on macrophages and other immune cells to that of the disease development.
Conclusions
While the intended target of Li is based on its neuroprotective and neurotrophic effects, this clinically used drug certainly has effects outside of the neuronal system. Although it is difficult to yet conclude with confidence that these extra-neuronal effects especially the effects on macrophage biology has clinical relevance in patients under Li treatment, in vivo studies in animal models and in vitro studies using human and mouse macrophages indicate that Li can modulate macrophage biology and inflammatory disease. Thus a clearly important and crucial question is whether this effect of Li has clinical relevance in patients being treated with Li. In an interesting clinical study comparing monocytes from bipolar patients without and with Li treatment, Knijff et al found that Li treatment of patients restored the ratio of IL1β to IL6 production that was dysregulated in the bipolar patients without Li treatment (Knijff et al. 2007 ). Interestingly, ex vivo treatment did not restore this phenotype, suggesting that one needs to be careful in interpreting ex vivo or in vitro studies. Based on the various studies on Li, it is clear that we still do not completely understand the mechanistic basis for the in vivo and clinical effects of Li in macrophages. It should be noted however, that an equally important question coming out of these studies on Li in macrophage biology is whether any of these pathways identified can be used to selectively target disease processes. For example, a recent study showed that LiCl can inhibit IMPase in macrophages and therefore induce apoptosis in atherosclerotic plaques thereby stabilizing the plaque. This suggests that IMPase inhibitor could be effective in preventing plaque destabilization (De Meyer et al. 2011) , suggesting a potential target in atherosclerosis. Thus, we believe that while Li likely has modulatory effects in patients due to its effect on monocytes/macrophages, the fact that this old drug can modulate inflammatory disease pathogenesis in animal models suggests that understanding the mechanisms by which Li modulates macrophage biology is crucial. This in future could identify therapeutic targets in the treatment of inflammatory diseases.
